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High	Energy	Colliders:	Present/Future	
FCC-hh	
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FCC-hh	InteracQon	Points	

L_DS
L_sep

L_arc

Head-On	
Long	Range	

4	experiments:	
	
•  2	high	luminosity	IPA	and	G	
	(5-30	x	LHCnom)	
	
•  2	low	luminosity	IPL	and	B	
(tbd	with	negligible	impact	on	
performances	of	IPA	and	G)	



FCC-hh	Baseline	and	ulQmate	

L_DS
L_sep

L_arc

FCC-hh	
Baseline	

FCC-hh	Ul>mate	

Luminosity	L	[1034cm-2s-1]	 5	 20-30	

Background	events/bx	 170	(34)	 <1020	(204)	

Bunch	distance	Δt	[ns]	 25	(5)	

Bunch	charge	N	[1011]	 1	(0.2)	

Fract.	of	ring	filled	ηfill	[%]	 80	

Norm.	emih.	[mm]	 2.2(0.44)	

Max	ξ	for	2	IPs	 0.01	
(0.02)	

0.03	

IP	beta-funcQon	β	[m]	 1.1	 0.3	

IP	beam	size	σ	[mm]	 6.8	(3)	 3.5	(1.6)	

RMS	bunch	length	σz	[cm]	 8	

Crossing	angle	[s’]	 12	 Crab.	Cav.	

Turn-around	Qme	[h]	 5	 4	

All	cases	with	25	ns	bunch	spacing	



FCC-hh	Baseline	and	ulQmate	
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Long	Range	separa>ons	at	main	IPs	

Beam-Beam	Interac>ons:	
•  2	Head-on	collisions	IPA	and	G	
•  Leveled	with	separaQon	IPL	and	B	
•  352	Long	Range	encounters	



Parameter	evoluQon	

Due	to	strong	radiaQon	damping	we	have	quite	
some	different	regimes	from	beam-beam	point	of	
view:	
	
1.  LHC/HL-LHC	beam-beam	dynamics	HO	+	LR	

effects ξbb	=	0.06à0.01	
LHC	experience	and	long-range	effects	

2.   Head-on	driven	dynamics	with	beam-beam	
parameter	ξbb	=	0.01à	0.03		plus	2	low	
luminosity	IPs		
LHC	experience,	Machine	Developments	
studies	and	simulaQons	

3.   Mixed	status,	radiaQon	damping	and	possible	
operaQonal	scenarios	
	Need	new	developments	in	models	and	
	studies	1	

2	

3	
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We	will	focus	on	this	scenario	most	challenging		



Dynamic	aperture	studies	

•  Crossing	angle	180	µrad	needed		only	from	beam-beam	no	non-lineariQes	
•  Intensity	fluctua>ons	à	requires	roughly	5-10	µrad	for	10-20%	fluctuaQons	
	

Collimators

Dynamic	Aperture	Criterion	
should	be	larger	or	equal	than	
the	mechanical	aperture	defined	
by	the	collimaQon	system	(TCPs):	
for	LHC		6.0	σ		
No	diffusive	mechanism	should	
increase	the	losses	on	the	
collima>on	system	

DA � 7.2 �

For	FCC-hh	case	TCPs	at	7.2	σ		
M.	Fiascari	et	al.	@IPAC2016	

FCC	New	La`ce	2	IPs	and	H-V	alterna>ng	crossing	
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Variable	Crossing	Schemes:	HV,	HH	and	VV	

•  HH	Crossing	is	equivalent	to	HV	in	terms	of	DA	for	nominal	bunches	
•  VV	not	acceptable	at	the	(0.31-0.32)	working	point	due	to	strong	impact	of	3rd	

order	resonance	à	Mirrored	tune	will	solve	the	problem	
•  Tilted	angle	scheme	s>ll	to	be	analyzed	
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changeable	angles	to	dilute	
the	par>cles	losses	in	the	
IR.	(I.	Besana	and	F.	Ceru>)	



PACMAN	Bunches	

•  For	all	crossing	schemes	the	major	impact	of	long-
range	effects	are	on	the	nominal	bunches	

•  PACMAN	bunches	always	show	a	beher	dynamic	
aperture,	DA	is	defined	by	nominal	bunches	

•  Orbit	effects	s>ll	to	be	addressed	for	conclude	on	
PACMAN	

•  Should	allow	for	flexible	tuning	
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Alterna>ve	crossing	schemes	are	possible	to	support	
energy	deposi>on	constrains	(I.	Besana	and	Cerru>)	
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Low	Luminosity	Experiments	to	be	added	

The	long-range	effects	of	
IPL	and	B	will	impact	
bunches	differently	(no	
passive	compensa>on)	
	
Have	to	be	designed	in	the	
shadow	of	the	main	high	
luminosity	experiments	
	

•  Long-range:		to	keep	effects	weak	à	leave	margins	for	larger	angles	
•  Head-on:	clear	limit	from	the	energy	deposiQon	studies	

From	beam-beam	studies	à	apply	separaQon	leveling	à	for	physics	programs	they	
will	have	limit	on	integrated	luminosity	per	year	of	run!	

Request	for	integra>ng	low	luminosity	experiments	IPB	and	IPL	



Can	we	move	from	dynamic	aperture	to	losses?	
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LHC	DATA	
Using	the	method	proposed	by		M.Giovannozzi	
(Phys	Rev	Spec	Top-AB,	15(2):024001,	2012)	we	
extrapolate	the	DA	to	longer	Qme	scales	à	
simulate	beam	lifeQmes	



Can	we	translate	losses	in	dynamic	aperture?	
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Using	the	method	proposed	by		M.Giovannozzi	
(Phys	Rev	Spec	Top-AB,	15(2):024001,	2012)	
We	applied	to	beam-beam	experiments	(lifeQme	
evoluQon	as	a	funcQon	of	beam-beam	parameters)	
M.	Crouch	Manchester	PHD	Thesis	2017		
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We	applied	to	beam-beam	experiments	(lifeQme	
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Long-range	dependency	

Use	the	Dynamic	Aperture	simula>on	to	
predict	the	losses	expected	per	scenario…	

Using	the	method	proposed	by		M.Giovannozzi	
(Phys	Rev	Spec	Top-AB,	15(2):024001,	2012)	
We	applied	to	beam-beam	experiments	(lifeQme	
evoluQon	as	a	funcQon	of	beam-beam	parameters)	
M.	Crouch	Manchester	PHD	Thesis	2017		



How	far	are	models	from	reality?	

Include	in	luminosity	models	losses	expected	from	Dynamic	Aperture,	to	have	
es>mates	on	impact	to	collima>on	system	

M.	Crouch	Manchester	PHD	Thesis	2017		



Orbit	Effects		

A.	Gorzawski	et	al.	@IPAC2017	THPAB042	

The	long-range	BB	force	has	an	amplitude	independent	contribu>on:	
ORBIT	KICK	

For	FCC	should	be	not	limited,	but	effects	are	evolving	since	beam	sizes	are	changing.	
Need	to	keep	small	effects:	TRAIN	code	adapted	to	FCC	collision	schemes	



Head-on	Limit:	Losses	and	Emihance	growth	
Head-on	beam-beam	can	result	in	losses	and	
emijance	growth.			
FCC	pushes	to	a	total	beam-beam	tune	shis	of	roughtly	
0.03	and	two	experiments	to	add.	
From	LHC	experience	head-on	colliding	bunches	losses	
cannot	be	explained	by	only	Dynamic	aperture	losses	
when	in	a	weal	long-range	regime…	

@IPAC2017	TUPVA026,	TUPVA029	
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Head-on	Limit:	Losses	and	Emihance	growth	
Model	developed	for	FCC-hh	of	loss	rates	with	6D	
beam-beam	(weak-strong	a	la	Lifetrac)	and	simplified	
latce!	
	
First	comparisons	to	LHC	losses	data	during	dedicated	
experiment	
	
	
•  BB	parameter	of	0.02	(FCC	UlQmate	is	0.03)	
•  GPU	accelerated	6D	simulaQons	compared	to	

measured	losses	in	the	LHC.	
•  Clear	impact	of	Piwinski	angle	to	loss	mechanism	
•  Good	qualitaQve	agreements	
•  Work	on	going	on	quanQtaQve	esQmates	(magnets	

errors,	noise	impact	due	to	crab	cavi>es	and	other	
devises	i.e.	e-lenses)	

@IPAC2017	TUPVA026,	TUPVA029	

DATA	

Simula>ons	



Head-on Beam-beam β-beaQng	is	important	
Head-on	interac>on	at	two	IPs	will	result	in	a	very	important	bea>ng	of	roughly	30%	

•  An	important	unexpected	contribuQon	from	IP5	(s=6665	m)	is	present	on	the	
verQcal	measured β-beaQng	plot.	

•  For	a	2	σ	oscillaQon	amplitude,	a	reducQon	of	the	β-beaQng	of	roughly	30%	is	
expected	leading	to	a	maximum		β-beaQng	of	about	8-6%.	

•  A	20%	smaller	normalized	emihance	εn	provides	a	smaller	β-beaQng	as	
expected	that	is	more	consistent	with	measurements.	

	

FCC-hh:	ξbb=	up	to	0.03	+	2	low	lumi	experiments	à	0.05	
	
•  	 Study	Impact	on	collimaQon	system,	is	it	important?	
•  	 Study	Impact	performances	à	luminosity	enhancement	(like	in	lepton	colliders)	
à  Reduce	effect	2	low	luminosity	IP	separated	
à  Propose	a	correc>on	scheme	and	explore	compensa>on	techniques.	

@IPAC2017		
WEOAB2,	TUPVA030	
Talk	amer	



Coherent	Instabili>es	
Coherent	InstabiliQes	not	yet	fully	understood	have	been	idenQfied	and	impact	the	
performances	of	the	LHC	from	2012	Qll	today	
	
	
Several	studies	have	been	performed	to	model	such	effects	and	understand	why	they	occur	and	
which	effects	are	behind	thes	e	observaQons	which	can	limit	the	beam	brightness	specially	for	a	
FCC	à	baseline	operaQon	at	5	units	chromaQcity	and	use	of	Landau	octupoles	or	electron	
lenses	(V.	Shiltzev	and	Co.)	to	stabilize	head-tails	modes	and	BB	and	impedance	mode	coupling.	

E.	Metral	et	al.		
IEEE	TRANSACTIONS	ON	NUCLEAR	SCIENCE,	VOL.	63,	NO.	2,	APRIL	2016		

S.	White	et	al.,	Phys.	Rev.	Spec.	Top.	Accel.	Beams	17,	041002	(2014).	

This	represents	a	major	concern	
More	studies	in	C.	Tambasco	and	X.	Buffat	talk	



Global	compensaQon	with	octupole	magnets	

•  Octupole	magnets	are	used/needed	to	provide	tune	spread	for	Landau	damping.	
•  They	have	very	nega>ve	effect	on	DA	if	not	used	with	care.	
•  If	installed	at	right	locaQon	they	could	help	compensaQng	long-range	effects!	
•  FCC	la`ce	and	beam-beam	effects	should	be	designed	together	to	have	this	possibility	

of	a	global	compensa>on	(as	studied	for	the	LHC	by	Shi)	
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Octupole	could	have	posi>ve	effect	on	dynamic	aperture	à	will	invest	at	early	stage	to	
define	la`ce	proper>es	such	that	we	could	use	this	compensa>on	scheme!	
Errors	seem	to	break	the	effec>veness	of	such	compensa>on	for	FCC	L*-45	m	la`ce	
Close	collaboraQon	with	Latce	team	(B.	Dalena	and	A.	Chance)	is	fundamental!	

Eurocircle	Mee>ng	Oct2017	

Global	compensaQon	with	octupole	magnets	



Global	compensaQon	with	octupole	magnets	
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Phase	advance	studies	to	tune	the	op>cs	to	the	collisions	and	define	the	robustness	of	such	
scheme	

A	lot	to	be	studied	to	have	a	robust	and	well	understood	evolving	scenario,		
but	simula>ons	are	faster	and	technology	helps	in	addressing	more	details	of	the	dynamic	



HE-LHC case
Preliminary	assump>ons	
-  2	InteracQon	Points	
-  25	ns	bunch	spacing	(12.5	ns	alternaQve)	
-  FracQonal	tune	same	as	LHC	(0.31,0.32)	
-  AlternaQng	crossing	to	reduce	Pacman	(H	crossing	

angle	in	IPA	and	V	crossing	angle	in	IPB)	
-  β*	25	cm	(most	difficult	scenario	with	maximum	peak	

lumi		with	possibility	to	relax	to	40cm	with	small	loss	in	
performance)	

-  72	LR	total	before	D1	
-  Crab	CaviQes	to	compensate	geometric	reducQon	of	

60-70%	

IPA	(V	xing)	

•  First	studies	performed	on	Footprints	and	latce	checks	(set-up	of	tools+opQcs	
available)	+	using	all	available	studies	from	LHC	and	HL-LHC	(similar	BB	effects)	

•  Room	for	further	opQmizaQon	of	LR	separaQon	with	opQcs	colleaugues	à	could	
only	make	things	beher	

IPB	(H	xing)	



Beam-Beam Long Range separations 

LR separation dsep > 8.5 σ ➞ x-angle/2 > 165 μrad (12.5 σ)
à HL-LHC equivalent fully squeezed à  Scaling from HL-LHC àNot 

enough from DA (below target) and still no margins

LR separation larger than 8 σ à x-angle/2 > 180 μrad (13.5 σ) à 
DA around 7 σ

Dynamic	Aperture	simula>ons	for	HL-LHC		
(β*	levening)	

15.5	σ

12.5	σ

13.5	σ



Head-on and long range interactions 

HE-LHC (xing/2 180 μrad)

X-angle/2	>	210	µrad	at	
limit	of		aperture	

	
Larger	x-angle	needed	to	

have	reduced	LR	
contribuQons	

	
Tool	are	in	place	!	



Head-on and long range interactions 

X-angle/2	>	210	µrad	at	the	limit	of	
the	aperture	

	
à Op>on	is	to	increase	β*	à	lijle	

loss	in	performances	(see	Frank	
talk)	

β*	=	40	cm	à	15.8	σ	separa>ons	for	
x-angle/	=	165	µrad	

β*	25	cm	à	x-angle/2=180-210	µrad	à	8.7-10	MV	cavi>es		

HE-LHC (180 μrad)

HL-LHC 
(nominal)

LHC (185 μrad)



FCC-hh	Summary	I	
•  For	the	Ul>mate	round	op>cs	case	we	have	a	good	scenario	based	

on	dynamic	aperture	simula>ons	:	
–  Beam-beam	separaQons	have	been	defined	keeping	margins	for	
all	needed	non-lineariQes	(magnets	errors),	experiments	(2	low	
lumi	IPs	introduced)	and	to	allow	for	alternaQve	scenarios	(i.e.	
rotaQng	collision	plane)	

–  	Benchmark	to	the	LHC	data	show	the	limits	of	models	and	the	
possibility	to	use	DA	to	es>mate	losses	in	luminosity	model	

Extremely	Demanding	computa>onally	factor	3-10	
in	compu>ng	steps	(la`ce,	BB	elements…)	
•  LXBATCH	à	41-12.5	days		
•  LHC@HOME	à	3.15	days		 Need	to	upgrade	to	larger	scale	

studies	respect	to	LHC	and	HL-LHC	



FCC-hh	Summary	II	
•  Orbit	effects	do	not	represent	a	limit	but	should	be	studied	in	details	over	

the	different	scenarios	à	code	extended	and	benchmarked	to	LHC	data	
ready	for	the	CDR	in	April.	

•  First	models	for	predic>ng	losses	and	emijance	evolu>on	are	in	place	for	
FCC	extrapola>ons	

•  Coherent	instabili>es	and	Landau	damping	are	an	important	concern		(C.	
Tambasco	and	X.	Buffat	talks)	

•  Beta-bea>ng	due	to	large	beam-beam	parameter	could	exceed	the	
tolerances	on	bea>ng	defined	by	protec>on	system	and	deteriorate	the	
performances	if	not	studied	in	details	
–  Need	for	correcQon:	correcQon	scheme	of	linear	part	tesQed	on	LHC	or	e-lenses!	

•  Compensa>on	techniques	
–  Global	compensaQon	using	mulQple	magnets	(i.e.	octupoles)	will	be	explored	and	

latce	designed	accordingly.	
–  The	study	of	an	electron	lens	to	compensate	for	the	large	head-on	beam-beam	

effect	will	also	be	covered	for	the	CDR	
•  Alterna>ve	scenarios	are	also	studied	to	explore	different	op>ons		(flat	

op>cs,	rotatable	crossing	planes)	



HE-LHC	Summary	
•  The	HE-LHC	can	profit	of	the	several	studies	on	going	for	FCC-hh	
•  Preliminary	studies	of	beam-beam	effects	show	no	limita>ons	and	

a	set	of	parameters	compa>ble	with	other	constrains	have	been	
defined	:	

–  Beam-beam	separaQons	have	been	defined	scaling	from	LHC	
experience	and		from	HL-LHC	simulaQons	studies	

–  AlternaQves	are	possible	and	simulaQon	studies	have	started	to	
open	the	possibiliQes	and	look	for	the	most	performing	
scenarios…	



	
•  For	FCC-hh	robust	baseline	scenarios	have	been	proposed	and	a	big	

campaign	of	simulaQon	studies	has	started	to	push	for	more	challenging	
scenarios	from	the	beam-beam	point	of	view.	FCC-hh	UlQmate	is	not	given	
but	doesn’t	look	out	of	reach	if	well	defined	with	the	help	of	the	
appropriate	compensaQon	schemes	(i.e.	e-lenses)		

•  HE-LHC	studies	just	started,	need	more	detailed	evaluaQons	
	
•  First	dram	of	the	Execu>ve	Conceptual	Design	Report	submijed	to	review	

process	

•  Deadline	for	the	first	dram	of	the	CDR	is	FCC	week	in	April	!	To	be	
presented	at	the	next	update	of	the	European	Strategy	for	Par>cle	
Physics….	

Future	of	the	future….	J	



Thank	you!	


